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 This novel conversion process of glycerol to dihydroxyacetone (DHA) is efﬁcient.
 A magnetically separable TEMPO catalyst was applied for this conversion.
 The overall yield of DHA was 95.3%, or 78.1% as its crystalline powder form.a r t i c l e i n f o
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The effectiveness of indirect oxidation of glycerol to prepare 1,3-dihydroxyacetone (DHA) was further
veriﬁed in this work. The oxidation of the 1,3-acetalized glycerol (5-hydroxyl-2-phenyl-1,3-dioxane,
HPD) to 1,3-acetalized dihydroxyacetone (2-phenyl-1,3-dioxan-5-one, PDO) was successfully achieved
by Montanari oxidation system (NaClO/NaBr/Magnetic recyclable TEMPO). The magnetic polystyrene
nanosphere immobilized TEMPO catalyst (1.02 mmol g1 nitroxyl radical) was readily prepared and char-
acterized by elemental analysis, particle size analysis, and TEM. The catalyst can be used as recyclable and
efﬁcient catalyst for HPD oxidation, and high catalytic activity for up to ﬁve cycles was obtained. The tar-
get product DHA can be efﬁciently separated by biphasic extraction without complicated puriﬁcation.
The overall yield of DHA was 95.3%, and 78.1% yield with >99% purity after crystallization.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Glycerol, a surplus byproduct from biodiesel manufacturing,
can be transformed into some valuable oxygenates, such as diols
[1–3], epoxides [4,5], and esters [6–8]. 1,3-dihydroxyacetone
(DHA), the main active ingredient in sunless tanning skin-care
preparations and an important precursor for the synthesis of vari-
ous ﬁne chemicals, has currently been produced by microbial fer-
mentation of glycerol over Gluconobacter oxydans [9,10]. Lots of
works paid attention to the direct oxidation of glycerol into DHA.
Molecular oxygen as an oxidant and noble metal (Pt, Pd and Au)
as catalyst were studied extensively for glycerol conversion
[11–15]. However, due to the tri-hydroxyl structure of glycerol, it
is hard to control the oxidation position of hydroxyl groups, and
the over-oxidation of DHA is unenviable. In those literatures, theselectivity to DHA is generally in the range of 20–60%. Moreover,
only low-efﬁciency and high-cost column separation can be ap-
plied to purify the products [16]. So it is worthwhile to ﬁnd a
new synthesis route for DHA production.
In previous work [17], we developed an indirect oxidation pro-
cess, which is efﬁcient for selective formation of DHA from glycerol
and possibly to be industrialized [18,19]. With the protection of the
end hydroxyl groups, the 1,3-acetalized glycerol (5-hydroxyl-2-
phenyl-1,3-dioxane, HPD) can be quantitatively oxidized to
1,3-acetalized dihydroxyacetone (2-phenyl-1,3-dioxan-5-one, PDO)
using NaClO/NaBr/TEMPO (Montanari oxidation) with no over-
oxidation. The ﬁnal product DHA can be obtained in high yield
by subsequent hydrolysis of PDO (Scheme 1). However, it was
found that the separation of TEMPO from the products would
require a tedious procedure, which is a particularly signiﬁcant
problem in the DHA crystallization, as the crystallization should
ideally be completely free of catalyst. Moreover, as TEMPO is
expensive, its efﬁcient recycling is highly desirable.
Immobilization of TEMPO onto insoluble or soluble supports,
including polystyrene resin, mesoporous silica, perﬂuoroalkyl
chains, polyethylene glycol, and task-speciﬁc ionic liquids [20],
seems to be a promise choice for TEMPO isolation and recycling.
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Scheme 1. Illustration of the conversion of HPD to DHA.
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polystyrene nanospheres (MPNs) and applied for the oxidation of
various alcohols [21]. The experimental results showed that this
well-constructed catalyst exhibited almost the same efﬁciency as
homogeneous TEMPO species. In this work, we apply this new sup-
ported TEMPO for the conversion of glycerol into DHA and discuss
the reaction condition as well as the catalyst recycling and target
product DHA puriﬁcation in detail.Fig. 1. Particle size distribution of the CMPNs.
Fig. 2. TEM image of CMPNs.2. Materials and methods
2.1. Materials
FeCl36H2O (P99%), FeSO47H2O (P99%), sodium dodecylsul-
fate (SDS, 92%), potassium persulfate (KPS, 99.5%), ammonia solu-
tion (NH3H2O, 25–28%), oleic acid (OA, 90%) and octane (99%)
were obtained from Aladdin Industrial Inc. The monomers, styrene
(99%), 4-chloromethyl styrene (90%) and divinylbenzene (DVB,
55%), were purchased from Beijing Chemical Reagents Company.
Glycerol (P99%), Benzaldehyde (P99.5%) and tetrabutylammo-
nium iodide (Bu4 NI,P98%)- were bought from Sinopharm Chem-
ical Reagent Co., Ltd. 1,3-dihydroxyacetone dimer (97%) was
purchased from Alfa Aesar Chemical Co., Ltd. 4-hydroxy-TEMPO
(P99%), sodium bromide (P99%), and sodium hypochlorite solu-
tion (available chlorineP5%) were bought from Shanghai No. 4 Re-
agents & H. V. Chemical Co., Ltd.
2.2. Synthesis of HPD
According to our previous work [17], the HPD was prepared
from acetalization of glycerol with benzaldehyde, the yield was
98%. The chemical structure of HPD was conﬁrmed by 1H NMR
spectrum. 1H NMR (500 MHz, CDCl3): d (ppm) 3.07 (d,
J = 10.0 Hz, 1H, OH), 3.61 (brd, J = 10.0 Hz, 1H), 4.09 (dd, J = 12.0
and 1.5 Hz, 2H), 4.17 (dd, J = 12.0 and 1.5 Hz, 2H), 5.54 (s, 1H),
7.36 (m, 3H), 7.49 (m, 2H).
2.3. Synthesis of catalyst MPNs/TEMPO
Chloromethylated MPNs (CMPNs, chloride content:
1 mmol g1; average size:49.8 nm, Fig. 1)were prepared accord-
ing to the reported procedure [22]. The swollen CMPNs (5.000 g,
5 mmol Cl) were dispersed in THF (50 mL) before the addition of
4-hydroxy-TEMPO (1.032 g, 6 mmol), 50 wt% aqueous NaOH
(1.200 g, 15 mmol) and Bu4NI (0.185 g, 0.5 mmol). The mixture
was reﬂuxed for 48 h under nitrogen atmosphere. The product was
collected by magnetic decantion, washed with THF, distilled H2O
in order, and ﬁnally freeze-dried. TEMPO loading of the catalyst
was characterized by elemental analysis (Vario MACRO CUBE, Ger-
many); found: C 60.20, H 5.576, N 1.43. Particle size distribution
(ZetatracU2561ZS, America) of the CMPNs is shown in Fig. 1, reveal-
ing the average particle size of 49.8 nm. Themorphology features ofthe catalysts were characterized by TEM (Tecnai G2 F20 S-TWIN,
America, Fig. 2).
2.4. MPNs/TEMPO mediated Montanari oxidation of HPD
HPD (0.18 g, 1.0 mmol), MPNs/TEMPO (9.8–34.3 mg, 0.01–
0.035 mmol nitroxyl radical) and CH2Cl2 (2.5 mL) were placed in
a 25 mL round-bottom ﬂask. The suspension was sonicated
(90W, 40 kHz, Auto Science, Tianjin) in water bath for 3 min and
cooled to 10 C under vigorous stirring. 1 M aqueous NaBr
(0.1 mL, 0.10 mmol) and 0.4 M NaClO (2.5–5 mL, 1.0–2.0 mmol)
buffered by NaHCO3 to pH 9.1 were added sequentially. After the
reaction was ﬁnished, the catalyst particles were collected by mag-
net, and washed with CH2Cl2 (3  5 mL). The merged organic phase
was dried over anhydrous Na2SO4, and analyzed by GC/MS. After
removing the solvent, the PDO was puriﬁed by ether recrystalliza-
tion. The chemical structure of PDO was conﬁrmed by 1H NMR
spectrum. 1H NMR (500 MHZ, CDCl3): d (ppm) 4.49 and 4.51
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Fig. 3. Effect of the amount of MPNs/TEMPO on the Montanari oxidation of HPD
(HPD 1 mmol, NaClO 1.5 mmol, NaBr 0.1 mmol, 10 C, pH 9.1).
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(m, 2H). Yields were based on GC with area normalization.2.5. The hydrolysis of PDO
A reaction mixture of PDO (21.60 g, 121 mmol), distilled H2O
(20 mL), and aqueous HCl (1 mL, 2 mmol) was stirred at 40 C for
2 h. After cooling, the benzaldehyde was separated from theAqueous Phase
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Fig. 4. The Montanari oxidatiaqueous phase, and the aqueous phase was extracted by n-hexane
to remove the trace benzaldehyde. After neutralization, the inor-
ganic salts were precipitated by ethanol, and the water was re-
moved by vacuum distillation with 1-butanol as a water-carrying
agent below 40 C. After the removal of the ethanol, DHA was ob-
tained as colorless viscous oil; 10.80 g, yield 99.1%. The DHA vis-
cous oil was crystallized in cold anhydrous ethanol (0 C) to
obtain hygroscopic white crystalline powder; 8.85 g, yield 82.0%.
The chemical structure of DHA dimer was conﬁrmed by 1H NMR
spectrum. 1H NMR (500 MHz, D2O): d (ppm) 3.3–4.3 (complicated,
8H), 4.34 (s, 4H).3. Results and discussion
3.1. MPNs/TEMPO mediated Montanari oxidation of HPD
3.1.1. Effect of the amount of MPNs/TEMPO
Initial investigation for Montanari oxidation of HPD in CH2Cl2
was carried out using NaClO (1.5 eq) as an oxidant, NaBr (0.1 eq)
as a co-catalyst, and MPNs/TEMPO as a catalyst. As shown in
Fig. 3, reactions can be smoothly carried out with few catalysts
(0.020 eq), which can obtain 96.3% PDO after 30 min, while 97.0%
PDO with 2 mol% TEMPO in 10 min in our previous work [21].
Upon the addition of 0.030 eq MPNs/TEMPO, after 10 min only,
most of HPD was directly converted to PDO (97.3%). These experi-
mental results showed that the MPNs/TEMPO is quite more active
than other reported results [23–25], avoiding the problems
encountered in many reported heterogeneous support matrixes
where a great portion of TEMPO are present deep inside the matrix
backbones and reactants have limited access to catalytic sites.
Moreover, as shown in Fig. 4, the reaction system was anN
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was also possibly contributed to the efﬁcient mixing of alcohols
and aqueous oxidants NaClO. The dispersed, amphiphilic MPNs/
TEMPO+Cl species at the interface of biphase CH2Cl2/H2O, which
plays an active role in bringing the reagents into close proximity;
and the MPNs senses as a hydrophobic environment similar to
HPD and BrO species, it can concentrate the HPD and BrO at
the particle surface where the reaction take place, while the ad-
sorbed molecules can further promote the diffusion of new incom-
ing HPD and BrO[21].10 20 30 40 50
50
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Fig. 6. Effect of pH on the Montanari oxidation of HPD (HPD 1 mmol, MPNs/TEMPO
0.030 mmo1, NaClO 1.5 mmol, NaBr 0.1 mmol, 10 C).3.1.2. Effect of the amount of NaClO
Effect of the oxidant NaClO (1.0, 1.5, 2.0 eq) on the oxidation of
HPD was studied. As shown in Fig. 5, the optimum amount of Na-
ClO for the reaction was 1.5 eq, which gave 97.3% yield after
10 min only. When 2.0 eq NaClO was added, the reaction rate
was much lower (85.5%). Presumably, the lower reaction activity
was related to the excessive hypochlorite, which inﬂuenced the
equilibria of HClO/ClO and HBrO/BrO [26]. Moreover, the exces-
sive ClO species in CH2Cl2 phase could promote the dehydroxyla-
tion of HPD, and about 1.2% 2-phenyl-1,3-dioxane was detected by
GC/MS after reaction for 50 min.3.1.3. Effect of pH
Traditionally, the alcohol is oxidized by heavy metals or mineral
acids in the industrial oxidation processes. It is known that acetal
could be decomposited at a low pH condition [27]. Considering
the stability of acetal in Montanari oxidation conditions, we inves-
tigated the inﬂuence of pH on the MPNs/TEMPO-mediated oxida-
tion of HPD over the pH range of 8.5–10 [28]. Fortunately, the
acetalized glycerol HPD is quite stable at a high pH value (>pH
8.5) aqueous environment, and no decomposition product was de-
tected by GC/MS; therefore, with the protection of the end hydro-
xyl groups, the acetalized glycerol HPD can be oxidized thoroughly
to the corresponding acetalized dihydroxyacetone PDO. Moreover,
the pH value has a great inﬂuence on the oxidation rate of HPD, as
shown in Fig. 6, at pH 8.5–9.1, the observed reaction rate was al-
most 5 times higher than that at pH 10. Indeed, at appropriate
pH value, the ClO and BrO species could distribute between
aqueous and organic phase, which made the addition of a phase-
transfer catalyst not necessary [29]. 1.0 eq NaClO
 1.5 eq NaClO
 2.0 eq NaClO
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Fig. 5. Effect of the amount of NaClO on the Montanari oxidation of HPD (HPD
1 mmol, MPNs/TEMPO 0.030 mmo1, NaBr 0.1 mmol, 10 C, pH 9.1).3.1.4. Recycling of MPNs/TEMPO
The advantage of the MPNs/TEMPO lies in the ease of separation
and recyclability. Simplybyapplyingamagnetﬁeld, theMPNs/TEM-
PO catalyst can be conveniently recycled within seconds, followed
bywashing thoroughlywithCH2Cl2, acetone andH2O inorder. A sec-
ond runwas performed by adding fresh HPD, NaClO and NaBr under
the same experimental conditions. This catalytic system was stable
and efﬁcient for three cycles without signiﬁcant loss of catalytic
capability (Table 1, recycles 1–3).With 5 cycles, the catalyst activity
was decreased, resulting in conversion <70% (Table 1, entry 5). The
drop in activity was possibly due to TEMPO leaching caused by the
breakageof ether linkageeffectedbyClO andBrO. Elemental anal-
ysis was applied to prove this hypothesis; it showed that the radical
loading decreased from 1.02 to 0.41 mmol g1. Comparatively, the
recyclability study on Montanari oxidation of phemethylol showed
the MPNs/TEMPO could be recycled 20 times with slightly dimin-
ished conversion [21]. The possible reason is that the TEMPO leach-
ing and alcohol oxidation is a competition reaction. Compared with
phemethylol, the HPD is inactive, which promote the oxidant spe-
cies to interact with MPNs/TEMPO. To further improve the stability
ofMPNs/TEMPO in HPD oxidation, an optimal catalyst design is cur-
rently underway.3.2. The crystallization of DHA
Hydrolysis of PDO yields DHA and benzaldehyde. The yield of
DHA viscous oil was approximately 99.1%. However, the commer-
cial DHA is available as its crystalline powder form. Therefore, after
the production of DHA, a crystallization process is needed. As sta-
ted in Zhu’s study [30], the crystallization of DHA is quite sensitive
to several conditions, such as the purity of DHA, temperature, sol-
vent, concentration and water content. In our experiment, there
were no other impurities except for trace benzaldehyde dissolved
in the aqueous DHA, which can be simply removed via n-hexane
extraction. The only difﬁculty for the crystallization of DHA is
due to its high solubility in aqueous solutions. The low crystalliza-
tion temperature leads to a high viscosity, which directly decreases
the diffusivity of the solute molecules in solution and prevents the
nucleation and growth of crystals. In Ma’s study [31], the ethanol
was used as an anti-solvent for the crystallization of DHA to de-
crease the solubility and to favor the molecular species mobility
during the crystallization process. It is possible that in the aqueous
DHA with higher proportion of ethanol, at lower temperature, the
DHA crystallization rate is faster. In this work, according to Zhu
Table 1
Recyclability of MPNs/TEMPO in Montanari oxidation of HPDa.
Recycles Conversion (%) Selectivity (%)
1 98.7 99.4
2 94.3 99.3
3 94.3 99.5
4 76.4 99.6
5 62.9 99.0
a HPD (3 mmol) in CH2Cl2 (7.5 mL), NaBr (0.3 mmol), catalyst (0.030 mmol), NaClO
(4.5 mmol, pH 9.1), 10 C, 15 min.
238 J. Wang et al. / Chemical Engineering Journal 229 (2013) 234–238and Ma’s studies, the crystallization of DHA viscous oil was con-
ducted in ethanol (50 wt%, 0 C) in the presence of 0.1% DHA seed-
ing overnight and yielded >99% pure DHA crystals with a recovery
of 82.0%.4. Conclusions
In summary, a simple and cheap protocol to synthesize the
recyclable MPNs/TEMPO catalyst for Montanari oxidation of ace-
talized HPD is presented in this work. Preliminary experimental re-
sults show that MPNs/TEMPO shares the advantages of bulk
heterogeneous catalyst (simple separation) while alleviating their
common limitations (poor accessibility and mass transfer limita-
tion). The effects of reaction conditions were investigated and opti-
mized. Under the optimal conditions: 0.03 eq immobilized TEMPO,
1.5 eq NaClO, 0.1 eq NaBr, 10 C, pH 9.1, the yield of PDO reached
99.6% after 40 min. After hydrolysis of PDO, the overall yield of
DHA was 95.3%, and 78.1% yield with >99% purity as its crystalline
powder form after recrystallization.Acknowledgments
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